An imidacloprid-related nitromethylene compound and its alkyl congeners at the imidazolidine NH site were prepared and their insecticidal and nerve-excitatory and -blocking activities were measured. In the insecticidal test with the male adult American cockroach by the injection method, metabolic inhibitors, more or less, increased the activity of tested compounds. The NH mother compound was the most active among the nitromethylene compounds and was as active as imidacloprid under the synergistic conditions. The N-alkyl congeners were less active than the NH compound under the conditions. In both of the nerve excitatory and blocking activities measured with a central nerve cord of the American cockroach, the NH compound was the most active among the nitromethylene series compounds and was less active than imidacloprid.
INTRODUCTION
Nitromethylene heterocyclic compounds have insecticidal effects mediated through the modulation of the nervous system of insects. ' Several studies on the mode of action for this class of compounds (chloronicotinyl insecticides) including imidacloprid revealed that they have an agonistic ability to activate and then block the postsynaptic nicotinic acetylcholine receptors (nAChR) of insects. -4) Single channel recordings5-7 and binding assaysg-14) with various nerve and cellular preparations have been used for their mode-of-action studies.
Structure-activity studies are important for clarifying the essential moiety of molecules that are responsible for their biological activities.
The chemical structure of chloronicotinyl insecticides exhibits the pull-push olefin skeleton-bearing chloronicotinylamine moiety at one side, and a strongly electron-withdrawing group at the other side.15> Recently, we analyzed the binding activity of imidacloprid and related compounds obtained with the housefly-head membrane preparation using the threedimensional CoMFA procedure. 16 The nitroimino moiety and the imidazolidine ring are mainly surrounded by stericallyand electrostatically-sensitive regions of the supposed receptor.
In the present study, we prepared a set of N-alkyl MATERIALS AND METHODS
Chemicals
The test compounds are listed in Table 1 . They were prepared either by the alkylation of compound 1 with the corresponding alkyl iodides or by condensation of Nalkylethylenediamine and 1, l'-bis(methylthio)-2-nitroethylene according to our previously described method.17 Their melting points, if solids, are listed in Table 1 . Reagent-grade piperonyl butoxide (PB) was used as an inhibitor of oxidative metabolism. Since NIA 16388 (propargyl propyl benzenephosphonate; NIA), an inhibitor of the hydrolytic metabolism of pyrethroids,18 enhanced the insecticidal activity of imidacloprid and related compounds,4,19 we also used the compound as another synergist. NIA was from the same sample used in our previous study. 20 The test compounds and the metabolic inhibitors (synergists) were dissolved in methanol and stored in a freezer until use.
Biological Assays 2.1 Insecticidal assay
The insecticidal assay against male adult American cockroaches, Periplaneta americana L., was conducted as described previously.4,20'21> Various volumes (1-10 z 1) of the methanol solution of each compound were injected into the abdomen of a cockroach. Methanol alone in this range did not have a toxic effect. Details of the dosage were as described previously.4 '20 In some experiments, a methanol solution (l pl) containing PB (50,ug) or a mixture of PB (50 pg) and NIA (50 jig) was injected 1 hr before injection of the test compound. The metabolic inhibitors in these amounts did not have a toxic effect. Three insects were used to test each dose of each compound and were kept at 22-25C for 24 hr after injection. The minimum dose at which two of three insects were considered killed was taken as the minimum lethal dose (MLD in moles). Paralyzed insects were also counted as killed, because they did not recover. The log(1/MLD) values for the test compounds are listed in Table 1 . Each value is the mean of at least two experiments with a deviation of ± 0.2.
Neurophysiological assay
The neurophysiological activities of the test compounds were measured according to the following method, which was basically the same as that previously reported.4,21> A nerve preparation containing the abdominal fifth and sixth ganglia of a male adult American cockroach was excised. The preparation was placed in a saline solution containing 210.4 mM NaCI, 2.9 mM KC1, 1.8 mM CaC12, 1.8 mM Na2HPO4, and 0.2 mM KH2PO4 (pH 7.3). The connectives were separated into two bundles from the cut end between the fourth and fifth ganglia to the fifth ganglia. One of the bundles was tightly taken up with saline into a glass tube, in which a silver wire was set as an electrode. As the reference electrode, another wire was set around the cut end of the tube. The silver wires were thinly coated with silver chloride. The number of spontaneous discharges that were larger than approximately 15 pV was consecutively counted with a pulse counter (MET-1100, Nihon Koden, Tokyo, Japan) for every 30 sec period. The frequency was usually quite high for a few minutes after setting, and then it normally subsided. When the frequency decreased within a range of 30-500 counts per 30 sec for 5 min or more, the saline solution was exchanged for another saline solution containing a test compound dissolved in methanol. The final concentration of methanol was lower than 1 % (v/v), which did not affect the nerve activity. Measurements were conducted at 22-25C.
Hydrophobicity Parameter
As the hydrophobicity parameter, log P, where P is the partition coefficient in the n-octanol-water partitioning system, was used. The P values were determined by the shake-flask method. The concentration of the compounds in the water phase was measured by highperformance liquid chromatography using an ODS column (LiChrosorb RP-18, Merck, Darmstadt, Germany) with acetonitrile-water (30:70, v/v) as the mobile phase. The log P values of test compounds are listed in Table 1 .
Correlation Analysis
We examined the relationship between the insecticidal activity against the American cockroach and the nerve activities using Eq. 1.22)
The squared log P term was added to identify the optimum hydrophobic effect, so that d > 0. The a, b, c, d and the constants were evaluated by regression analysis. The level of significance of each term in the equations was examined using the t test. Unless otherwise noted, all of the correlation equations and all of the terms in each equation were above the 95% level.
RESULTS AND DISCUSSION 1. Insecticidal Activity Insecticidal activity is affected by such factors as the compound's penetration through membranes, transportation, and metabolic degradation in the insect body in addition to the intrinsic activity at target sites. To eliminate the penetrating through cuticle factor, the activity was measured by use of the injection method. Compound 1 was slightly more active than imidacloprid without the metabolic inhibitors (Table 1) . Introduction of an alkyl or corresponding group to the NH moiety decreased the activity. Compound 11 was the least active among the compounds tested. The activities of the n-alkyl isomers (compounds 4 and 6) were higher than those of the corresponding iso-alkyl isomers (compounds 5 and 7).
To eliminate the metabolic factor, test compounds were injected with metabolic inhibitors. Except for compound 1 and imidacloprid, PB did not significantly increase the insecticidal activity.
Additional use of NIA increased the activity for some compounds including compound 1 and imidacloprid.
Whichever synergistic conditions were used, compound 1 was as active as imidacloprid.
Under the conditions with PB and NIA, the potency of test compounds increased by up to 11 in log units compared with that measured without the synergists. The most remarkably increased compounds were 1 and 12. Their increments were close to that for imidacloprid.
Thus, the derivation of the imidazolidine NH site to a tertiary amino group, in general, made compounds less sensitive to metabolic degradation systems. The increase in the insecticidal potency of these compounds with NIA was generally more pronounced than with PB, if at all.
Effects of PB on insecticidal activities are well known to be caused by inhibition of the microsomal P450 oxidase systems. The enhancing effects of NIA on the insecticidal activity of imidacloprid and related compounds have been reported.4"3,19> These effects might be caused by the inhibition of some unidentified enzyme systems, including those for the microsomal Ndealkylation found in rat liver tissue.18
Nerve Activities
We measured the nerve effects of the compounds using an electrophysiological method to evaluate their activities at the target site. The nerve preparation discharged impulses spontaneously (Fig. 1A) . Compound 1 markedly increased the frequency immediately after the start of treatment at 1.61 X 10-5 M (Fig. 1B) , followed by subsidence to a level lower than the control (Fig. 1C) . Figure 2 shows examples of time courses for compound 1, where each symbol indicates cumulative counts for every 30 sec in each nerve preparation.
The maximum frequency induced by the test compound appeared to be dependent on the concentration.
Thus, the effect of compounds on each nerve preparation was evaluated as Table 1 with deviation ranges. Compound 1 was the most potent in terms of log(1 / EC) among compounds 1-12 and was less active than imidacloprid by 0.5 log units. Compound 11 was very weak, so that a definitive value could not be determined. Compound 12 was relatively potent among the compounds. Figure 2 also shows that the time for subsidence to a level lower than 10 counts per 30 sec was dependent on the concentration. To evaluate the blocking activity of the compound, the time for the first subsidence to a level lower than 10 counts per 30 sec was defined as t in minutes and was determined for each nerve preparation. For each concentration of each compound, more than three nerve preparations were used. From the doseresponse relationship of the mean value with the standard deviation, the concentration required to reach 1 in terms of log t was determined for each compound, and was defined as BC (in M). The log(l /BC) values for test compounds are listed in Table 1 with deviation ranges.
The log(l /BC) value increased roughly in parallel with the log(1 /EC) value with a few exceptions (Fig. 3) . Compound 1 was the most potent in terms of log(1 /BC) among compounds 1-12 and was less active than imidacloprid by 0.6 log units. Compound 12 was relatively potent among the N-alkyl compounds, but its activity was slightly lower than that expected from the excitatory activity (Fig. 3) . The log (1/BC) value for compound 5 was much lower than that expected from the log(1 /EC) value by about 1.5 log units. Compounds 4, 6 and 11 were very weak, so that definitive log(1 /BC) values could not be determined (Table 1) .
If the nerve effects reflected those at the site of action of the present set of compounds to kill the insects, their insecticidal activity that was measured under the conditions to remove the metabolic factor by use of inhibitors could be correlated with the nerve activity. For compounds showing a definitive nerve-excitatory or -blocking activity value, the relationships between insecticidal and each of the nerve activities were quantitatively analyzed using Eq. 1, giving Eqs. 2 and 3, respectively. log(1 /MLD) = 5. 
In these and the following equations, n is the number of compounds, s is the standard deviation, r is the correlation coefficient, and F is the ratio between the regression and residual variances. The figures in parentheses after each coefficient are the 95% confidence intervals of the regression coefficient. The addition of the log P and/or (log P)2 terms did not improve Eq. 2. Equation 3 was, however, improved by addition of the (log P)2 term resulting in Eq. 4, although the term was significant only The addition of the log P term or the substitution of the (log P)2 term with the log P term did not improve Eq. 4. Equation 4 indicates that the insecticidal activity against the American cockroach increased with the nerveblocking activity when the hydrophobicity was the same. When the potency of the nerve activity is the same, variations in the insecticidal activity are parabolically governed by the hydrophobicity with an optimum value being approximately zero. The log(l /MLD) values calculated using Eq. 4 are listed in Table 1 . The potent insecticidal activity of imidacloprid was fairly well predicted by Eq. 4. Chloronicotinyl compounds including imidacloprid elicit excitatory and blocking effects on nerve preparations and cultured cell membranes, depending on such experimental conditions as the concentration and the exposure time. '-4) The compounds tested in the present study also elicited both effects ( Figs. 1 and 2 ). As described above, the nerve-blocking parameter appeared to be much more reliable than the excitatory parameter to correlate with the insecticidal activity. Previously, we showed that the nerve excitatory activity is a useful parameter to correlate with the insecticidal activity for two series of compounds related to imidacloprid. 4, 21 However, we did not measure the nerve-blocking activity in the previous studies. The nerve-blocking effects of chloronicotinyl compounds might be caused by desensitization arising from their agonistic actions on nAChR. Further studies are required to clarify the true role of nerve excitatory and/or blocking phenomena in the insecticidal effect of this class of compounds.
